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ABSTRACT

A numerical simulation model of surface current drift was developed in order to simulate the poorly un-
derstood drift migration of Anguilla leptocephaliin the North Atlantic Ocean. The model was based upon the
advection-diffusion equation, which was approximated by finite differences. Currents for the model were
calculated from ships’ drift data. Leptocephali were ‘“‘started” at various points in the presumed American
" and European eel spawning areas, and the model produced spatiotemporal patterns of leptocephalus con-
centrations resulting from surface current drift and turbulent diffusion. In the American eel drift simulations
the patterns followed a sequence of four phases: 1) Initial northwest drift on the presumed Antilles Current;
2) the formation of a “patch” of leptocephali offshore of Florida and the Gulf Stream; 3) dispersal along the
North American coast resulting from the continued input of larvae into the Gulf Stream from the patch; and
4) transport eastward into the Atlantic on the Gulf Stream. In the European eel drift simulation, the lep-
tocephali slowly spread throughout the Sargasso Sea region of the North Atlantic, and there was little Gulf
Stream transport by the eighth month of drift. The patterns of distribution produced by the model correspond
well with the limited collection data for both species, though it remains for future sampling efforts to verify

whether the features present in the simulations actually occur.

Schmidt (1925) summarized over two decades of
work to provide what has since become known as the
“classical solution” to the Atlantic eel problem.
Schmidt proposed that adult European eels, An-
guilla anguilla, and American eels, A. rostrata,
migrate in the fall from their freshwater habitats and
travel to spawning areas in the Sargasso Sea. The
adults spawn in the early months of the year and then
die. The resulting larvae (termed leptocephali) are
presumed to drift passively on surface currents
toward their respective coasts. Schmidt stated that
American eels, having a shorter distance to traverse,
drift about a year as leptocephali before meta-
morphosing to the glass eel phase and commencing
their migration toward freshwater. European eel lep-
tocephali are presumed to take 3 yr to complete their
journey. This scenario was challenged by Tucker
(1959), who hypothesized that the two Atlantic
anguillid eel species are in fact only one. Tucker pro-
posed that all adult European eels die during their
migration, that all anguillid leptocephali are the pro-
geny of eels originating in North America, and that
European eel stocks are replenished by leptocephali
that simply drifted across the Atlantic after failing to
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land on the North American coast. Tucker felt that
differences in the vertebral counts used to dis-
criminate between the two species could be ex-
plained by a thermal shock suffered by developing
embryos in part of the spawning area. Tucker's
hypothesis has been largely discounted, and recent
electrophoretic (Jamieson and Turner 1980; Com-
parini and Rodino 1980) and karyotypic (Passakas
1981) evidences indicate the existence of two
anguillid eel species in the North Atlantic and
associated freshwaters.

Nonetheless, there are persistent unanswered ques-
tions concerning the migrations of larval, juvenile,
and adult eels (Vladykov 1964; McCleave and Har-
den-Jones 1979). One of these questions concerns
the location and timing of American and European
eel spawning. Schmidt (1925) identified the Euro-
pean eel spawning area as lying between lat. 22° to
30°N andlong. 48° to 65°W, and stated that spawning
“commences in late winter or early spring and lasts
well on in summer.” He based these limits on the dis-
tribution of the smallest leptocephali (<10 mm) he
collected. To the present time no adult eel has been
captured away from the continental shelves, and no
identified anguillid eel eggs have been collected.
Schmidt did not collect many small American eel lep-
tocephali, and consequently his delineation of the
American eel spawning area and time is much less
precise. Recently there have been several systematic
sampling efforts for small leptocephali with the ob-
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jective of defining the spawning areas of the Euro-
pean eel (Tesch et al. 1979; Schoth and Tesch 1981)
and the American eel (McCleave and Kleckner®).
Kleckner and McCleave* have obtained evidence
that recently hatched American eel leptocephali are
associated with a thermal front in the Sargasso Sea.

Also, little is knownregarding the time course of the
leptocephalus drift migration. Following Schmidt’s
(1925) summary, several authors have compiled in-
formation on the spatiotemporal distribution of
anguillid leptocephali, including Smith (1968),
Viadykov and March (1975), Tesch (1980), and
Kleckner and McCleave (1980). These studies only
provide a broad outline of the course of the lep-
tocephalus drift migration, as the number of iden-
tiffed leptocephali collected is still small, considering
the scale of the migration in terms of distance and
probable numbers. The available data are difficult to
interpret and may better represent the distribution
of sampling effort than the distribution of lep-
tocephali (Kleckner and McCleave 1980). Unless
sampling at a particular location was done sys-
tematically, the absence of leptocephali from collec-
tions can only be interpreted as negative evidence
concerning the presence of leptocephali at that loca-
tion. It is still not known how leptocephali are trans-
ported in the Florida Current-Gulf Stream system.
How do American eel leptocephali cross the Gulf
Stream to approach the North American coast, and
why are substantial numbers of these leptocephali
not transported across the Atlantic to populate Eu-
rope? Are any behavioral components necessary in
the leptocephalus drift migration? In summary,
where and when are leptocephali most likely to be
found, and what implications does this distribution
have for the eel's life history and  migration
patterns?

To answer some of these questions a simulation
model of leptocephali drift in the North Atlantic sur-
face currents was developed. The intent was to im-
plement the simulation so that leptocephali started
at points in the presumed Sargasso Sea spawning
area would be transported in a way realistically ap-
proximating actual surface current transport. The
objectives of the research were to generate patterns
of distribution representing the likely time course of
a passive drift migration and to compare and inter-
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pret these distributional patterns with information
about the actual leptocephalus distribution and the
eel’s life history. In this way the model serves an ex-

, planatory role, highlighting the factors important in

generating a distribution of leptocephali, and also
provides a framework for future research on the lep-
tocephalus drift migration. Distributional patterns
that developed during some of the simulations are
presented here, with emphasis on the American eel;
limited results for the European eel are also given.

MATERIALS AND METHODS

Anguilla leptocephali are found in the top few hun-
dred meters of the water column (Kleckner and
McCleave 1980; Schoth and Tesch 1981), and
therefore the model was developed with only two
horizontal spatial dimensions. The model was based
upon the time-dependent, two dimensional form of
the advection- diffusion equation:

%—f+(%(uP—Kx g—f)-&-% (L’P“K\, %5)=0

where P = concentration of leptocephali;
uandv == velocities in the respective x and y
directions; and

= diffusivity coefficients for the respec-
tive directions.

Leptocephali were not assumed to have any directed
swimming capability, so the velocities in the above
equation represent simple water current velocities.
The diffusivity coefficients express the dispersion of
leptocephali by turbulence, eddies, and other
phenomena not expressed by the advective terms
(Okubo 1980).

The derivatives in the above continuous equation
were approximated by finite differences. For exam-
ple, to approximate the time derivative the following
relation was used:

-a_P o~ Pl+l — Pl
ot At
where  pt = concentration of leptocephali at the
present time ¢;
P+l = concentration of leptocephali at time
t+ At; and
At = duration of the time step.

The derivatives with respect to the x and y directions
were approximated by weighted finite differences.
The method developed by Fiadeiro and Veronis
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(1977) was followed for determining the weighting so
as to provide increased numerical stability and to ap-
proximate more closely the solution to the continu-
ous equation. Further details on the numerical meth-
ods used were presented elsewhere (Power 1982).

In approximating the advection-diffusion equation
by finite differences, the region under study is par-
titioned by a grid, and a difference equation is
derived for each cell formed by the grid. The differ-
ence equations express the concentration of the sub-
stance at the center of each cell formed by the grid in
terms of fluxes between adjoining cells. The end
result is a large system of simultaneous (difference)
equations, which can be repeatedly solved to obtain
the cell concentrations at successive time steps. The
region included in this study was the Gulf of Mexico,
Caribbean Sea, and the North Atlantic Ocean be-
tween lat. 10° and 50°N and west of long. 40°W (Fig.
1). Coastlines were approximated by cell boundaries,
as were the Caribbeanislands and shoal waters of the
Bahamas. Flux of leptocephali across these bound-
aries was prohibited. Leptocephali approaching the
Bay of Fundy, Gulf of St. Lawrence, and the long.
40°W boundary of the model were permitted to be
transported out of the modeled area (dashed lines in
Figures 2-9).

Currents for the model were calculated using ships’
drift data obtained from the National Oceanographic
Data Center (Fig. 2). A ship’s drift observation is the
inferred surface current calculated by comparing the
ship’s true position after a given period of steaming
with the navigator’s dead reckoning position. Surface
current charts of the North Atlantic are derived from
the same data base used in this study. Each ship’s
drift observation was resolved into an east and north
component, and the current component at the inter-
face between two cells was calculated as the mean of
all the appropriate current components recorded in
the 1° of latitude and longitude bisected by the cell
interface. The means were calculated by calendar
months, so for each month in the simulations a dif-
ferent current regime was used. Using June as arepre-
sentative month, the median number of observations
used to calculate a current component was 10, and
75% of the components were calculated using five or
more observations. The number of observations was
greatest within 5° of the North American coastpwith
sample sizes >100 commonly occurring. Sample
sizes were poorest in the southeast portion of the
modeled area. An average of 3% of the cell interfaces
had no associated ships’ drift observations. These
points where data were completely missing were
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FIGURE 1.~~Main portion of the geographic region included in the simulations, along with the 1°
by 1° grid and coastline approximation. Lettered cells are the starting points for American eel
leptocephalus drift simuiations discussed in the text, and cells with stars are the starting points
in other simulations not presented here, Note for comparative purposes that points A and C and
points B, D, and F are the same meridians, while points A and B and points C and D share the
same latitudes. Cell with an X is the starting point for the European eel drift simulation.
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FIGURE 2.—Surface current vectors used in the simulations for the month of May. Vectorina cell
was computed by taking the mean of the current components at the cell’s edges and calculating
the resultant vector. Key depicts representative current speeds. AC = Antilles Current; FC =

Florida Current; GS = Gulf Stream.

irregularly spaced throughout the modeled area, so
their components were calculated by interpolating
between adjoining cells and months. Currént veloc-
ities were necessarily taken as representative of the
currents that occur throughout the depth range of
Anguilla leptocephali. The leptocephali were
assumed to maintain themselves continually in sur-
face waters, so the finite differences were derived
with no assumptions regarding fluid continuity. The
effect of this is that leptocephali are concentrated in
regions of net water convergence (downwelling) and
dispersed from regions of divergence (upwelling).

The diffusivity coefficient (K) was calculated as a
function of grid spacing. Data from numerous dye dif-
fusion experiments reviewed by Okubo (1971) were
used in a least squares regression analysis to com-
pute the equation K = (3X 1074) h! ! relating the dif-
fusivity parameter (in m?/s) to the length scale (grid
spacing) h in meters. No spatial variation in diffusivi-
ty, otherthan that due to meridional grid narrowing in
more northerly latitudes, was assumed. Diffusivities
used ranged from 68 to 110 m?/s.

In carrying out the simulations, American eel lep-
tocephali were considered to be “spawned” as point

sources at the various locations designated by letters.

or stars in Figure 1. These starting locations cover
most of the presumed geographic range of American
eel spawning (Kleckner and McCleave 1980; Kleck-
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ner’®). Locations designated by letters are in the area
which, on the basis of collections of very small lep-
tocephali, represent the principal spawning area.
The distributional patterns of leptocephali started at
these lettered locations are discussed in detail in this
paper, and the various simulation runs are referred to
by these letters. The date 1 March is representative
of the peak American eel spawning period (Kleckner
and McCleave 1980; Kleckner footnote 5). That
point in time was used as the starting date for the
American eel drift simulations, with no additional in-
put of leptocephali after that date. The center of the
estimated European eel spawning area (Schmidt
1925; Schoth and Tesch 1981) is marked in Figure 1
with an X atlat. 27°N, long. 57°W. The results of one
simulation, in which leptocephali were started on 15
April at this point, are presented. The length of the
time step in the simulations varied by month, but was
always between 1.5 and 2.0 d. The simulation results
are presented initially on a monthly basis and then
later on a bimonthly basis.

There is little information regarding actual concen-
trations of leptocephali in the ocean. As the
simulations progressed, individual cell concen-
trations were expressed as proportions of the start-

*R. C. Kleckner, Research Associate in Zoology, Department of
Zoology, Murray Hall, University of Maine at Orono, Orono, ME
04469, pers. commun. July 1981,
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ing concentration. No mortality of leptocephali was
incorporated into the model, and the total number of
leptocephali was conserved throughout the simula-
tion except for the portion transported across the
open boundaries discussed previously. A unitless
number is given when referring to a concentration, so
that reference to a concentration of 1072 refers to a
concentration of leptocephali that is three orders of
magnitude below the starting concentration. The
concentration contours presented in Figures 3-9
were determined by linearly interpolating between
the concentrations at the centers of the cells. Each
contour represents an order of magnitude change in
concentration relative to neighboring contours. Only
leptocephalus concentrations >1077 (proportion of
the starting concentration) are shown. In Figures 3-9
the leptocephalus starting location is marked by a
star.

The choice of contour intervals as orders of
magnitude was arbitrary; in some cases, the display
masked the spatial structure of the distributions.
This can occur where the order of magnitude con-
tours are widely spaced, and a discontinuity in the
concentrations is between the contours. For this
reason an agglomerative cluster analysis using a spa-
tial autocorrelation coefficient, Moran’s I (Cliff and
Ord 1973), as the metric was carried out with cell con-
centrations as the variable. The weighting coefficient
was the reciprocal of the distance between cells, and
only immediately adjacent cells were linked (rook’s
moves). Examination of the equation for Moran’sIin-
dicates that when choosing among several coefficient
values, the minimum I represents the most spatially
uniform distribution. The clustering proceeded
iteratively by examining all possible pairwise link-
ages of clusters of cells, and forming a new cluster
from the pair that yielded the minimum value of I for
the new cluster. Thus at any stage the clusters parti-
tion the distribution into “patches,” i.e., regions in
which the cells are most spatially uniform in concen-
tration. The cell concentrations were logarithmically
transformed for the analysis to minimize the effects
of outliers on 1. The results of these analyses are not
explicitly presented, but are referred to when
- necessary to facilitate the interpretation of the con-
tour plots.

RESULTS

Distribution of Leptocephali After
30 Days of Drift

The proximity of the starting point to the Gulf
Stream, the Antilles Current northeast of the

Bahamas, and the Bahamas themselves all influenced
the distributional patterns of American eel lep-
tocephali that developed 1 mo after the 1 March
starting date (Fig. 3). Capture of leptocephali by the
Gulf Stream was already evident, and larvae started
east and northeast of the Bahamas showed north-
westerly drift on the Antilles Current.

Leptocephali begun at F mostly moved away from
that location during the first month (Fig. 3F). The lar-
vae were somewhat dispersed even at this early date,
as cluster analysis indicated a large patch east of the
Bahamas between lat. 21° and 26°N. Concentrations
declined sharply to the east and south, as they did in
all runs, indicating little transport in those directions.
To the west, leptocephali were split by the Bahamas,
approaching the Gulf Stream by both the route north
of the islands and through the channel between the
Bahamas and Cuba. Some passed completely
through this channel to be caught in the Florida
Current and carried northward, so that the 10~7 con-
tour extended to lat. 32°N.

There was gradual northwesterly dispersal of lep-
tocephali started at more northerly (Fig. 3B, D) and
northwesterly (Fig. 3A, C) locations than those at F.
The larvae in these runs are more concentrated, with
most remaining near the starting points. In runs A-D
larvae are impinging upon the Bahamas, and in C the
concentrations offshore of the Bahamas are par-
ticularly high. This is due to the clearly evident An-
tilles Current transportinrun C, and this current also
facilitated the entry of run C larvae into the Gulf
Stream. Runs A and E also show Gulf Stream
transport, but this is more by virtue of their starting
point’s proximity to the Gulf Stream. Gulf Stream
transport is pronounced in E, with the 1077 contour
reaching north to lat. 39°N and east to long. 65°W.

Distribution of Leptocephali After
60 Days of Drift

By 30 April, 2 mo after the 1 March start, lep-
tocephali had spread and most moved northwest of
their starting locations (Fig. 4). There were now
broader areas of more moderate concentration,
typified by the area enclosed by the 1072 contour east
of the Bahamas. Gulf Stream transport was now evi-
dent in all runs A through F.

Run F is notable for the substantial distance
traversed by the larvae, considering the position of
point F (Fig. 4F). This was primarily caused by con-
tinued transport between the Bahamas and Cuba,
entry into the Florida Current, and then rapid Gulf
Stream transport. Antilles Current transport also
contributed. Concentrations in run F fell into three
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FIGURE 3.—Concentration contours of American eel leptocephali, expressed as a proportion of the starting concentration, for 30 March. Each
lettered plot corresponds to the same lettered starting location in Figure 1. In this and subsequent figures stars mark the starting points. 30
March is 1 mo after the 1 March starting date.
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groupings: 1) High concentrations east of the
Bahamas containing most leptocephali, 2) lower con-
centrations flanking this patch, and 3) Gulf Stream
larvae.

Leptocephali started north and northwest of F (runs
A through D) showed more uniform distributions
than the previous month, although the sharp eastern
and southern gradients were maintained. There was
transport between the Bahamas and Cuba only inrun
D, and leptocephali in run B showed lesser dispersal
when compared with other runs. Run C again showed
most clearly the effects of Antilles Current transport,
while run A showed a similar but less developed pat-
tern. Leptocephali in runs A and C reached lat. 39°N
and long. 65°W at concentrations >107".

Run E continued to show the most widespread dis-

tribution, and while offshore of Florida there were
still concentrations >>1072, the 10™% contour enclosed
a considerable area offshore of the mid-Atlantic
coast,

Distribution of Leptocephali After
90 Days of Drift

Runs A, C, D, and F became similar by the third
month of drift (Fig. 5; 30 May). The cluster analyses
for these simulations at day 90 are of interest,
because in each a distinct geographic grouping of
cells emerged consistently, These clusters did not
combine with others until forced to do so at the final
stages of clustering. This indicated that the cell
groupings represented by the clusters had spatial
distributions of leptocephali (as measured by
Moran’sI) which were internally more uniform than if
cells external to the groupings had been included
during clustering. This characterized (independently
of concentration contour plots) an inportant feature
in the spatial structure of the leptocephali at day 90,
The clusters of cells in runs A, C, D, and F formed
patches east of Florida and the Gulf Stream, north to
northwest of the Bahamas, and northwest of the
starting points (roughly between lat. 24° to 28°N and
long. 71° to 77°W). These patches had mean cell con-
centrations of 0.015 to 0.025, and patch limits were
approximated by the 1072 contours (Fig. 5). The bulk
of the starting concentrations was contained within
these patches.

Another feature commontothe A, D, and F runs was
the large area of concentrations between 10~% and
1074 that paralleled the mid-Atlantic coast and then
extended offshore at about lat. 38°N. Run C had an
identical pattern, except that its concentrations in
this area were an order of magnitude higher. This dif-
ference can be attributed to starting point C’s loca-
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tion and the enhanced Antilles Current-Gulf Stream
transport mentioned earlier.

Run B’s pattern was similar to that of runs A, C, D,
and F, but was not as fully developed. This is because
run B leptocephali were started farther into the
Sargasso Sea, where currents are weaker. The main
patch of concentration was present, but it covered a
broader area and had a slightly lower mean concen-
tration of 0.01. The 1075 contour along the North
American coast in run B took the place of the 10™*
contourinruns A, D, and F. In B there were still high
concentrations near the starting point.

Run E continued to exhibit the most extensive pat-
tern of leptocephalus distribution (Fig. 5E). There
was a patch offshore of Florida and the Gulf Stream
with a mean cell concentration of 0.012, but it was
smaller and farther north than the corresponding
patch in other runs. More than half of the starting
concentration lay north of lat. 31°N and within the
1073 contour. Concentrations > 1072 were well north
of lat. 32°N in run E.

Distribution of Leptocephali After
150 Days of Drift

The patterns of distribution below lat 32°N persisted
during the next several months in the simulations,
while to the north there was an increase in the con-
centrations and continued Gulf Stream transport.
The main patches of concentration offshore of the
Gulf Stream and Florida remained in runs A, C, D,
and F after 5 mo of drift (Fig. 6; 29 July). The patches
moved slightly to the northwest, and lay between lat.
25° to 30°N and long. 70° to 78°W., This region still
contained more than half of the total starting concen-
tration in runs A, C, D, and F, and the mean cell con-
centration in this area was about 0.005.

The broad bands of concentration along the mid-
Atlantic coast also persisted and increased in con-
centration to between 10~® and 1072 This was a
consequence of the patches offshore of Florida just
mentioned. It appears the patches slowly introduced
larvae into the Gulf Stream system. The subsequent
transport in the Gulf Stream quickly spread larvae
parallel to the coast, then offshore and out into the
Atlantic. The patches in simulations A, C, D, and F
formed in the same general location, so that for larvae
carried north of lat. 30°N the starting location had a
lesser effect on the distribution, This is illustrated by
the fact that the 1073 contours are virtually identical
in position north of lat. 30°N in runs A, D, and Fat 5
mo after starting. Run C formed the patch earlier, so
more larvae had entered the Gulf Stream and were
therefore more widely dispersed. Leptocephali at
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FIGURE 5.—Concentration contours of American eel leptocephali after 90 d of drift (30 May).

concentrations > 10~7 were now being advected past tributed (Fig. 6B) because the larvae were started ina
the long. 40°W border of the modeled area. region of weaker currents. There was a greater degree

Run B’s pattern at 5 mo was similar to those just dis- of northward transport from the main concentration,
cussed, but the main concentration of leptocephali  so thatleptocephali joined the Gulf Stream at higher
was farther offshore of Florida and more broadly dis- latitudes than in other runs.
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The very large area enclosed by the 10~2 contour
was the striking aspect of the pattern for run E at 5
mo (Fig. 6E). Cells in this area had a mean concentra-
tion of 0.002 and contained in total a concentration of
0.9. This region formed an exaggerated example of

82 60 S0 40
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the results of prolonged leptocephalus entry into the
Gulf Stream. In this case, the observed distribution is
because larvae began close to the Gulf Stream, in the
region where the main patch of concentration formed
in other runs.
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Distribution of Leptocephali After
210 Days of Drift

The patches of higher concentration persisted
offshore of Florida and the Gulf Stream in all runs

during the remainder of the summer (except E) and
up to 7 mo after drift began, although they were
beginning to dissipate (Fig. 7; 27 September). The
cluster analyses still discriminated unequivocally
between the patches and the lower concentrations to
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the immediate north in runs A and B and, to a lesser
extent, inruns C, D, and F.

North of the patches the broad areas of uniform con-
centration were maintained and expanded by the
continued entry of leptocephali into the Gulf Stream.

FISHERY BULLETIN: VOL. 81, NO. 3

This region extended along the North American
coasttolat. 38°N, at which point it curved outinto the
Atlantic. It was best represented by the 1072 con-
tours inruns A, C, D, and F. The pattern was similar
for run B, but the radial expansion of the main patch
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FIGURE 8.—Concentration contours of American eel leptocephali after 270 d of drift (26 November).
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had continued. In most runs the plumes of lep-
tocephali in the Gulf Stream had widened, so that
concentrations > 1077 were present across the mod-
eled area betweenlat.31° and 46°N.InrunE the 103
concentrations extended completely from the patch
area offshore of Florida to the right border of the
modeled area.

Distribution of Leptocephali After
270 Days of Drift

Nine months after starting the leptocephali in runs
A, C,D, and F had been distributed completely along
the course of the Gulf Stream (Fig. 8; 26 November).
There were very large areas with concentrations be-
tween 1072 and 1072 that spanned the modeled area
from offshore of Florida to near the eastern border at
long. 40°W. Run B still appeared to be in the process

of developing the same distributional pattern as the
others, because its pattern resembled those of the
others 2 mo earlier. Leptocephali had progressed
farthest in run E, in which the 103 concentrations
were moving away from the mid- Atlantic coast.

Atday 270 the simulations were halted, as some lep-
tocephali would have begun metamorphosis to the
glass eel phase by late November (Kleckner and
McCleave 1980). Itis unknown what behavioral com-
ponents a glass eel or large leptocephalus may con-
tribute during oceanic transport.

European Eel Drift Simulation

A simulation of European eel leptocephalus drift
was done with the starting point at lat. 27°N and long.
57°W, and the starting date as 15 April. After 45 d of
drift the larvae had spread to the northwest (Fig. 9A;
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FIGURE 9.— Concentration contours of European eel leptocephali, expressed as a proportion of the starting concentration. Leptocephali were
begunat the point marked with an X inFigure 1. A: contours for 30 May, 45 d afterthe 15 April start. B: contours for 29 July, 105 d after starting.
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30 May). Two months later the 1072 enclosed about
the same area as before, but it had moved a few
degrees to the northwest of the starting location (Fig.
9B; 29 July). The lower concentrations continued to
spread, and dispersal occurred in most compass
directions. By day 165, the lower concentrations had
expanded still further, although concentrations
>1072 maintained approximately the same position
(Fig. 9C; 27 September). This same pattern of dis-
persal continued to day 215 of drift, at which point
the concentrations <107% at the northern limits of
the distribution showed signs of being captured by
the Gulf Stream (Fig. 9D; 26 November). The simula-
tion was halted at day 215.

DISCUSSION

The simulations revealed several previously unsus-
pected features of the leptocephalus drift migration,
such as the patch formation offshore of Florida and
the Gulf Stream. This is in spite of the simplifications
and assumptions that were made in a model encom-
passing such a large geographic area. The bound-
aries, currents, and eddy diffusivities all provided
only an approximation to the physical system. None-
theless, interpreting the simulation output using the
available information on leptocephalus distribution
and the eel’s life history indicates that the model has
realistically reproduced the large-scale features of
the drift migration.

The simulated drift of American eel leptocephali
can be divided into four phases, the first being initial
northwest transport following spawning. This trans-
port was largely on the Antilles Current, which flows
northwesterly on a course parallel to the north-
eastern border of the Bahama Islands chain (Fig. 2).
The extent of the initial larval transport depended on
the starting location’s position with respect to this
current. Larvae started farther northeast in the
Sargasso Sea (point B and other simulations not
shown here) showed less unidirectional movement
than those started in or nearer the Antilles Current.
This current clearly appeared in ships’ drift data for
May (Fig. 2) and other late winter and spring months,
so its effects in the simulations were no surprise. How-
ever, there are questions concerning the existence
of the Antilles Current (Ingham 1975; Gunn and
Watts 1982). Gunn and Watts (1982) showed that the
Antilles Current was present in January-February
1973, but that the region was dominated by eddies in
July-August 1972. They speculated that the Antilles
Current may only exist seasonally. Its presence in
January-February 1973 must have dominated the
drift of newly hatched leptocephali from early spawn-
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ing inthat year. If the Antilles Current is seasonal, the
question important to eel biology is how long does it
persist through the spring and summer? The Antilles
Current was important in the simulations from the
time of spawning up to May-June. After that its in-
fluence on the distribution of 0-group leptocephali
diminished, and by July-August, when Gunn and
Watts (1982) did not find the current, most of the lar-
vae were north of lat. 25°N. A study like that of Gunn
and Watts is clearly needed for the months between
February and July, and particularly for April and
May.

There was little eastward transport from the start-
ing locations in all American eel simulations, includ-
ing those in which larvae were started along long.
66°W (not pictured in this paper). Schoth and Tesch
(1981) collected American eel leptocephali east of
long. 69°W (the longitude of the easternmost starting
points in the simulations presented here), although
the numbers of larvae they caught declined rapidly
east of long. 65°W. Transport to the south was also
minimal in the simulations, and few leptocephali en-
tered the Caribbean. The simulations do not ade-
quately explain the presence of leptocephali that
have been collected in the Caribbean and Gulf of
Mexico, and in particular the presence of young lep-
tocephali near the Yucatan peninsula (Kleckner and
McCleave 1980) was not reproduced. American eel
spawning in the Caribbean remains a viable explana-
tion for these collections.

The simulated drift of leptocephali south and west
of the Bahamas must be interpreted cautiously,
because this region’s complicated bathymetry and
currents were not well represented in the model
However, there were some striking correspondences
between the simulations and the actual collection
data for this region, Smith (1968) reported 10 May as
the earliest collection date for 0-group leptocephali
in the Straits of Florida between the Bahamas and
Florida; Figure 3F shows larval concentrations of
107¢ (proportion of the starting concentration) had
arrived in the Straits of Florida around 30 March, and
by 30 April the concentration had increased to 107
(Fig. 4F). Kleckner and McCleave (1980) reported
the collection of 0-group leptocephali in the Bahama
Island chain in April to June, and the first collections
of larvae in the Straits of Florida in May. Smith
(1968) gave 28 August as the latest collection date of
0-group larvae in the Straits of Florida, and by that
date most of the leptocephali in the simulations had
departed the area as well.

The formation and maintenance of a patch of lep-
tocephali north of the Bahamas and east of Florida
and the Florida Current-Gulf Stream system were the
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second phase in the simulated drift migrations.
Regardless of starting location, most larvae con-
verged upon the area and became part of this patch,
except those that entered the Florida Current by the
route south of the Bahamas. Gunn and Watts (1982)
found evidence in the January-February 1973 data of
a large anticyclonic eddy in the region of this patch
formation (cf their figure 3D), If this eddy is a perma-
nent or seasonal feature, it has substantial im-
plications for American eel leptocephalus drift. It
could be reasonably assumed that leptocephali
collect in the eddy each year and that this patch
phase is an integral part in the transport of most
American eel leptocephali.

Transport of larvae from the patch and into the Gulf
Stream seems to have been a result of turbulent dif-
fusion, rather than advection, since currents east of
the Florida Current are weak (Fig. 2). In the model,
entry into the Gulf Stream was an example of large-
scale shear induced diffusion, where large dif-
ferences in adjoining northward current velocities
resulted in concentration gradients down which a dif-
fusive flux occurred. Whether this is the phe-
nomenon that facilitates actual entrainment of
leptocephali into the Gulf Stream is problematic.
Alternatively, Gulf Stream cold-core rings occur in
this area (The Ring Group 1981), and it may be that
Gulf Stream eddies and meanders act to capture
larvae.
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The leptocephalus collection data are still inade-
quate to confirm the presence of a leptocephalus
patch offshore of Florida and the Gulf Stream.
However, there is empirical evidence that this is in-
deed the region where most leptocephali enter the
Gulf Stream system. Kleckner and McCleave (1982)
studied near synoptic collections of leptocephali
taken on four transects of the Florida Current and
Gulf Stream between 26 July and 16 August 1978.
There were substantially higher concentrations of
leptocephali in the waters sampled on the northern
transects than there were in the southern ones (Fig.
10), indicating a significant input of leptocephali
from the western Sargasso Sea. Combined with the
present work, the studies of Kleckner and McCleave
(1982) and Gunn and Watts (1982) indicate that pro-
cesses important to the leptocephalus drift migration
occur east of Florida and that further research should
concentrate on this region.

The prolonged existence of the leptocephalus patch
offshore of Florida and the Gulf Stream and the con-
tinuous capture of larvae by the Gulf Stream resulted
in the broad and surprisingly uniform distribution of
leptocephali along the North American coast. This
transport along the North American coast formed the
third phase of the drift migration. The patch can be
viewed as a mechanism causing a more uniform dis-
tribution of leptocephali than would otherwise occur.
Before developing the simulation mode! it had been

30
Lotitude
28

Longitude
k¢

FIGURE 10.—A: Station positions on transects where American eel leptocephali were taken in the Gulf Stream system. B: Catches of lep-
tocephali on the transects. Data from Kleckner and McCleave (1982).
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assumed that leptocephali were quickly captured by
the Gulf Stream and carried north and east, and it
had been unclear how significant numbers of larvae
remained in the southern portion of the eel’srange. It
is remarkable that a majority of the larvae remained
so far south for such a prolonged period of time in
the simulations.

Leptocephalus collections have not been made as
systematically north of lat. 30°N as they have to the
south, so it is difficult to compare the simulation
results with the collection data north of this latitude.
Kleckner and McCleave (1980, 1982°) stated that
American eel leptocephali are abundant in the Gulf
Stream from July through September, and the dis-
tributions of leptocephali they presented for these
months correspond well with the simulation dis-
tributions (Fig. 11).

Up to about lat. 38°N the simulated concentrations
formed wide bands along the coast; however, the
simulations did not indicate how leptocephali in the
eastern edges of the bands would move west towards
the coast. The possibility of a behaviorally based,
directed movement cannot be dismissed as un-
necessary. Alterfnatively, it could be that these larvae
are transported to Europe, or simply perish.
McCleave and Kleckner (1982) demonstrated that in
the tidal portion of an estuary American glass eels
achieved upstream transport by selectively rising in-

SKleckner, R. C., and J. D. McCleave. 1982. Spatial and temporal

distribution of American eel larvae in relation to North Atlantic
Ocean current system. Unpubl. manuscr., 46 p. Department of Zool-
ogy, Murray Hall, University of Maine at Orono, Orono, ME
04469.
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FIGURE 11.—Locations in the North Atlantic Ocean where one or
more Anguilla leptocephali have been collected during August and
September. Compare with Figures 6 and 7. From Kleckner and
McCleave (text footnote 6).
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to the water column during flood tides. This has also
been demonstrated for European eels (Creutzberg
1961), and it is certainly possible that larval and
juvenile eels could utilize this mechanism in offshore
tidal areas such as Georges Bank (Magnell et al
1980).

There are abundant examples in the literature of
stochastic events whereby leptocephali could also be
transported inshore. Recent examples include Gulf
Stream intrusions off St. Augustine, Fla. (Atkinson et
al. 1978) and in Onslow Bay (Blanton 1971), Gulf
Stream frontal eddies off Jacksonville, Fla. (Yoder et
al. 1981}, and Gulf Stream intrusions along the New
York Bight (Judkins et al. 1980). Cox and Wiebe
(1979) discussed the mechanisms by which oceanic
plankton are transported into the Mid-Atlantic
Bight, such as Gulf Stream warm-core rings and
meanders. These meso- and finer scale features all
surely transport leptocephali, but they were not
directly incorporated into the model, except as their
effects were represented with other turbulent
motions by the eddy diffusivity terms. It seems
maladaptive for leptocephali to rely upon such un-
predictable features to facilitate a migration that oc-
curs with annual regularity.

Eastward transport into the North Atlantic on the
Gulf Stream was the fourth and final phase evident in
the simulations. These last simulation phases may
not have accurately represented the eel’s migration,
because leptocephali begin metamorphosis to the
glass eel stage as early as October (Kleckner and
McCleave 1980), and it becomes questionable as to
whether the eels were still drifting passively. Unless
the loss of eels due to transport out into the Atlantic
is substantial, it seems that by this point the eels
must modify their drift in some way if they are to
avoid transport to Europe. A small number of
American eel are in fact found in European waters
(Boétius 1980). In the passive drift simulations, on-
ly a small portion of the larvae entered the Gulf of
Maine, although this region also has complicated
currents not accurately represented in the model.
Meanders of the Gulf Stream will carry some larvae
near the northeastern North American coast, as it has
for other species (Colton et al. 1962; Markle et al.
1980). The transport of leptocephali out into the
Atlantic was centered on lat. 40°N, and this agrees
well with the results of Richardson {1981), who tracked
buoys drifting on the Gulf Stream.

The European eel spawns in aregion of weak and in-
determinate currents, and in the simulation this
resulted in a slow spreading of the leptocephali
throughout the Sargasso Sea. It is clear that if the
simulation presented in Figure 9 were continued, the
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leptocephali would simply have continued to spread,
with those moving west and north gradually entering
the Gulf Stream. This simulation result agreed with
the “moderate to rich” catches of 1-group European
eel leptocephali reported by Tesch et al. (1979) as
being present north of lat. 26°N and between Ber-
muda and Europe. Such gradual dispersal also
makes it not surprising that the European eel spends
3 yr as a leptocephalus before reaching Europe.

In summary, the simulations have reproduced the
important features of the leptocephalus drift migra-
tion. Some of the features, such as the patch forma-
tion offshore of Florida, were previously un-
suspected, but seem highly plausible when con-
sidered in combination with the hydrographic data
and the leptocephalus collection data for that region.
This patch, and the remainder of the predicted lep-
tocephalus distribution, remains to be verified by in-
tensive and systematic sampling.
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